Modern stem cell research has mainly focused on protein expression and transcriptional networks. However, transmembrane voltage gradients generated by ion channels and transporters have demonstrated to be powerful regulators of cellular processes. These physiological cues exert influence on cell behaviors ranging from differentiation and proliferation to migration and polarity. Bioelectric signaling is a fundamental element of living systems and an untapped reservoir for new discoveries. Dissecting these mechanisms will allow for novel methods of controlling cell fate and open up new opportunities in biomedicine. This review focuses on the role of ion channels and the resting membrane potential in the proliferation and differentiation of skeletal muscle progenitor cells. In addition, findings relevant to this topic are presented and potential implications for tissue engineering and regenerative medicine are discussed.
Introduction
A ll cells segregate charges across the plasma membrane to generate and maintain the resting membrane potential (Vmem). These steady-state electrochemical ion fluxes occur through channel and pump proteins in nonexcitable cells and are being increasingly recognized as important players in cellular processes, including proliferation and differentiation. [1] [2] [3] [4] These signals are highly dynamic and are not as easily detected by conventional molecular biology techniques. For example, during Xenopus embryogenesis, left-right patterning is established by a voltage gradient that leads to electrophoretic movement of small molecule morphogens through gap junction complexes. [5] [6] [7] [8] This event could not be regulated by RNA interference or other knockdown approaches since it involves maternal proteins and occurs hours before zygotic transcription begins. 6 Additional complexity is added by the fact that physiological parameters such as Vmem and pH can be altered through the actions of different translocator proteins. This means that cells can reach different bioelectric states with the same protein expression profiles and the same bioelectric state through different ion fluxes or the same ion fluxes from different channels. 9 This concept has been demonstrated before, wherein misexpression of a heterologous yeast proton pump was able to rescue vertebrate regeneration that is normally initiated by a V-ATPase in the tadpole tail. 10 The yeast gene encoded for a protein that had no sequence or structure homology to the V-ATPase. This proved that proton pumping was required to trigger the regeneration process when the native V-ATPase gene was blocked and that this was not dependent on a nonion passing function such as protein scaffolding. These examples highlight the importance of physiological parameters and limitations of the current gene expression-centered paradigm. Fortunately, approaches involving drug screens can be utilized to dissect the ways membrane voltage potentials transduce into cellular signaling pathways. 11, 12 In addition, voltage-sensitive fluorescent dyes that have been developed can be used to visualize membrane potential gradients noninvasively and in real time. [13] [14] [15] [16] These tools can be coupled with molecular biology techniques and pharmacological agents targeting ion channels to further interrogate the role of Vmem in stem cell biology. Although biological electricity is a relatively arcane topic and an unconventional perspective for cell biologists, 17 it has a long history going all the way back to the 1700s. 2, 3, 6, [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] Recent advancements have revealed key roles for this type of signaling on various scales, including (1) signaling at the plasma membrane, 38, 39 (2) proliferation and differentiation at the single cell level, 1, 6 (3) cell migration at the multicellular tissue level, 2,3,40,41 (4) large scale regeneration of complex structures, and (5) organ formation during embryonic development. 17, [42] [43] [44] In vivo, cells are immersed in a rich environment of both biophysical and biochemical stimuli from intracellular and extracellular sources that directly influence cellular processes. Myogenic progenitor cells (MPCs) are also referred to as satellite cells due to their location between the basal lamina and muscle fibers. 45 They reside in a quiescent state until they are activated during tissue repair, where progenitor cells initially proliferate to expand their numbers. 46 A subpopulation of newly generated MPCs begins to fuse into myotubes and organize into myofibers to replace damaged tissue, and a subpopulation of MPCs also return to a quiescence state at their native niche on the muscle fiber for future repairs. 47 Previous studies have revealed the importance of the microenvironment and its ability to transduce into signaling pathways that affect MPCs' ability to engage in tissue repair. [48] [49] [50] [51] [52] [53] [54] [55] [56] Removal of satellite cells from their endogenous niche has given rise to challenges maintaining stem cell properties during in vitro expansion. [57] [58] [59] The ability to execute temporal control over cell fate in vitro will be paramount for future developments in tissue engineering and cell therapy. This review focuses on ion channels and transmembrane voltage gradients (Vmem) at the cellular level and their impact on the proliferation and differentiation of skeletal muscle stem/progenitor cells. The differentiation process of MPCs has been well characterized and involves various signaling pathways and molecular effectors. 46, [60] [61] [62] [63] [64] Strategies involving pharmacological agents targeting ion translocator proteins and molecular biology techniques have revealed an indispensible role for a specific potassium channel and cellular Vmem in the early stages of MPC differentiation. These discoveries directly link this parameter with other signaling pathways as well as expression of myogenic differentiation genes. 65 These findings highlight the synergy between biophysical and biochemical signaling and taken together warrant a paradigm shift in stem cell biology to be more inclusive of physiological parameters such as Vmem and its involvement in cell growth and differentiation.
Ion Channels, Transmembrane Voltage Gradients, and Muscle Progenitor Cell Proliferation
Various channel and pump proteins segregate ions across the lipid bilayer to establish the cellular resting potential (Vmem). These transmembrane voltage gradients are steadystate cues that act on longer time scales than the action potentials of excitable cells and can also serve as a cell autonomous bioelectric signal. 1, 4, 6, 11, 17 Vmem has long been recognized as a key regulator of cellular states. Cellular Vmem levels vary widely among different cell types (-10 to -90 mV) and this parameter generally corresponds to proliferative potential. 6, 66 This trend is thought to be functional since mitotically active cells such as embryonic, cancer, and stem cells have shown to be more depolarized (0 to -30 mV) than terminally differentiated cells (-50 to -100 mV) that no longer proliferate. 66 Mammalian liver cells reside more toward the middle of the scale and it has been suggested that this is correlated with the extraordinary regenerative capacity of this organ. 67 These initial observations implied that Vmem (or other biophysical parameters) could be a targetable control node that can be leveraged to direct stem cell behavior toward desired outcomes in a biomedical setting. Clarence D. Cone Jr. hypothesized that there was a relationship between Vmem and cell growth. [68] [69] [70] He even produced his own theory on the connection between electrical membrane potentials and mitotic control. 71, 72 Since then, Vmem has proven to exert a strong influence on cellular proliferation in various cell types. 1, 4 Studies have demonstrated that artificial perturbation of Vmem can result in transcriptional changes of cell cycle regulators, including cyclin E and p27 and transcription factors c-myc and c-fos. 73, 74 Other investigations have noted changes in ion channel expression throughout cell cycle phase progression. [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] [85] [86] [87] [88] [89] [90] [91] [92] Proliferating MPCs are known to express tetrodotoxinresistant voltage-gated sodium currents and calciumactivated potassium currents that increased 10-fold with proliferation in vitro. 93 Tetrodotoxin-resistant sodium currents were also observed in the mouse C2C12 cell line along with calcium-activated potassium channels, an ATP-induced slow potassium current, an inward rectifier potassium current, and a volume-induced chloride current. 94 There is no data to suggest whether or not these currents are directly involved in cell cycle progression of MPCs or simply related to ''housekeeping'' processes, but it is known that satellite cells (proliferative stage) are measured to have a Vmem around -10 mV and myotubes (nonproliferating, withdrawn from the cell cycle) are around -70 mV. 95, 96 These data are consistent with the previous observations made in other cell types and suggest a concomitant relationship between Vmem and MPC proliferation. 66 More recent investigations have shown that sustained depolarization can regulate MPC growth in a biphasic manner. 97 Our data showed that exposure to extracellular potassium or ouabain was able to stimulate growth and increase the number of cells in S phase. 97 However, further increasing concentrations of extracellular potassium decreased cell growth, the number of cells in S phase, and drove cells into G1 in a dose-dependent manner. 97 Depolarization through exposure to extracellular barium or potassium has also induced a biphasic effect on growth in neural progenitor cells. 98 In addition, cell cycle arrest at G1 in response to depolarization has been seen in kidney cells, 99 lymphocytes, 100 Schwann, 89 and glial cells. 101, 102 For the latter, depolarization-induced growth inhibition was noted to result in accumulation of cyclin-dependent kinase inhibitors p27(Kip1) and p21(CIP1). 102 Interestingly, depolarization has also been shown to induce cell proliferation in mouse macrophages and neonatal cardiomyocytes, and even re-enter mature neurons into the cell cycle. 74, [103] [104] [105] It is possible that there is an optimum voltage range for proliferation, and pushing cells outside of this window in one direction (depolarized or hyperpolarized) can drive cells to quiescence or induce cell cycle entry. It has been proposed that there are rhythmic oscillations between different Vmem values throughout the cell cycle wherein cells are mostly depolarized during G1, experience a spike in hyperpolarization before S phase, and depolarize again for a prolonged period during mitosis. 1, 70, 84, 85, 106, 107 This model would imply that artificial depolarization could prevent S phase induction by blocking the hyperpolarization step. Further complication is added by the fact that cells do not necessarily have only one overall Vmem value, but may possess different voltage potentials across separate domains of their entire surface. 1, 43, 108, 109 Physiological parameters such as Vmem arise from the cumulative activity of the different ion channels expressed on the cell membrane. It is also important to note that these signals can result from the charge gradient alone (bioelectric signal encoded in Vmem change) or result from the flow of individual ion species (K + , Na + , H + , or Cl -). 11 More research to further elucidate the roles of ion 36 FENNELLY AND SOKER channels and bioelectric signaling in the proliferation of MPCs will provide exciting opportunities for controlling cell fate in the context of cell therapies, tissue engineering, and regenerative medicine.
The Role of the Resting Membrane Potential in the Differentiation of Muscle Progenitor Cells
Understanding how biophysical and biochemical signals coordinate and govern cell properties will allow for the development of novel methods for directing stem cell behavior toward therapeutic goals. The observed difference between depolarized cells that are mitotically active and differentiated cells that are hyperpolarized inspired investigations into this relationship. Recent studies have revealed that electrophysiological changes accompany cell differentiation in a variety of different cell types. 4 Changes in the expression of ion channel proteins throughout differentiation are known to occur in neural, 110 endothelial, 111 human mesenchymal stem cells, 112, 113 and various other cell types. 4, [114] [115] [116] [117] [118] [119] [120] [121] [122] [123] Moreover, perturbations in Vmem have proven to regulate the differentiation process, demonstrating that this parameter is not simply a reflection of cell status, but rather an instructive parameter that can be used to control progenitor cells. 124, 125 Vmem has been identified as an integral player in MPC differentiation ( Fig. 1 ). MPCs from different species experience Vmem changes from about -10 mV to a range between -55 and -70 mV for myotubes. 93, [126] [127] [128] For human MPCs, this process involves expression of an ether-a'-go-go (EAG) potassium current that initially hyperpolarizes cells to -32 mV, generating cells that are fusion competent. 95 Then, before cell fusion, an inward rectifier potassium channel (Kir2.1) hyperpolarizes the Vmem to around -65 mV. 95, 129 These currents are different from the voltage-gated sodium and calcium-activated potassium currents exclusively expressed in proliferating satellite cells, which indicate specific roles for different ion channels during different stages of MPC differentiation. 93 Inward rectifier potassium currents have been recognized in mature muscle fibers and are known to contribute to the maintenance of Vmem and myofiber excitability. 130 Interestingly, inward rectifier potassium currents have also been observed in the differentiation of hematopoetic progenitor cells as well, suggesting that this prerequisite for differentiation might be part of a conserved or similar mechanism across different cell types and potentially have functions independent of regulating Vmem for excitable tissues. 131 The chloride channel Clc-1 contributes to the stabilization of Vmem in adult skeletal muscle, and mutations in this gene have proven to be correlated with muscular disease. 132 This gene was also noted to be reflective of the developmental stages of myoblasts. Clc-1 mRNA was orders of magnitudes lower in myoblasts and C2C12 cells than in adult skeletal muscle and C2C12-derived myotubes. 133 Vmem has been directly linked to second messenger calcium signaling, which is essential for cell fusion. 134 More specifically, Kir 2.1-associated MPC hyperpolarization sets the stage for sustained calcium influx through T-type Ca 2+ channels. 134 One of the unique features of this signaling is that the steady-state calcium signaling is able to be achieved at a specific voltage range (-40 to -80 mV), wherein an equilibrium exists between the open, closed, and inactivated status of the T-type Ca 2+ channels (termed window current, maximum activity at -58 mV). 134 This perpetual cycle rotates between these states in a continuum and allows for a small fraction of channels to remain open and gives rise to sustained low amplitude calcium spikes. 134 Furthermore, it was demonstrated that targeting delayed rectifier potassium currents with antiarrhythmic agents to modulate Vmem (depolarization at a specific window domain) could be used to trigger a rise in intracellular calcium and accelerate MPC fusion. 135 This was the first experiment that highlighted the key role of Vmem as an instructional parameter related to MPC differentiation and demonstrated that it can be targeted to influence MPC behavior.
Follow-up studies reported that Kir2.1 was required to induce hyperpolarization that precedes the expression of myogenic transcription factors myogenin and mef2. 136 Pharmacological blockade of this channel or knockdown of the gene also inhibited cell fusion and expression of both differentiation genes. 65, 136 In addition to activation of differentiation genes, this signaling event was found to initiate the differentiation process specifically through the calcineurin pathway. 65 Depolarization with extracellular potassium was able to block expression of these factors and blunt calcineurin signaling. 65 In addition to regulating expression of myogenic differentiation genes, our efforts have shown that depolarization with extracellular potassium can attenuate cell fusion and myotube formation as well as maintain expression of muscle stem cell marker Pax7. 97 Furthermore, these inhibitions (cell fusion and expression of myogenic differentiation markers) in both studies were transient and when cells were returned to control conditions, the differentiation process resumed to completion. Taken together, these discoveries reveal that Vmem modulations can act upstream of and influence downstream processes that ultimately impact MPC fusion and expression of differentiation genes related to myogenesis. These results also demonstrate that artificial modulation of electrochemical ion gradients can exert control over MPC differentiation pathways and promote expression of stem cell marker Pax7. 97 This has attractive implications for in vitro expansion of cultures for tissue engineering or cell therapy efforts that require large number of functional MPCs that need to retain their progenitor properties. 63, 137, 138 MPC differentiation involves additional players upstream of Kir2.1 activity. The transmembrane endoplasmic reticulum calcium sensor stromal interacting molecule 1 and calcium channel Orai1 have been shown to activate store-operated calcium entry, and silencing these genes leads to impaired cell fusion and thwarts membrane hyperpolarization. 139 The nonvoltage-gated transient receptor potential canonical channel (TRPC) plays a crucial role in the fusion process. 140 Human primary myoblasts express various isoforms of this nonselective cation channel, including TRPC1, TRPC3, TRPC4, and TRPC6. TRPC1 and TRPC4 mediate Ca 2+ influx and silencing these genes significantly reduced MEF2 positive cells and decreased both myotube width and number of nuclei per myotube. 140 One unique aspect of the MPC differentiation process is that Kir2.1 hyperpolarization is switched on by dephosphorylation of tyrosine residue 242. 141 Interestingly, Kir 2.1 channels are expressed and phosphorylated at tyrosine 242 in proliferating MPCs, indicating that this channel lies dormant at the cell membrane until acted on by phosphatase activity. 141 In addition to post-translational modifications, [141] [142] [143] [144] [145] studies have suggested that signaling pathways such as Ras-MAPK MPC BIOELECTRICITY 37 could regulate Kir 2.1 trafficking, 146 anchoring proteins can aid in Kir 2.1 channel stability at the membrane, [147] [148] [149] and gating properties of these channels can be influenced by PIP2 binding. [150] [151] [152] [153] These examples along with others [154] [155] [156] [157] [158] [159] represent the complex interplay that can potentially exist between biophysical and biochemical signals and illuminate the importance for understanding how they synchronize to orchestrate cell behavior. Voltage gradients have been shown to orient cells during mitosis, 160, 161 establish cell polarity, 2,7 and activate signaling molecules at the plasma membrane 38, 39, 41 It has been proposed that the role of Vmem in cell fusion can involve proteins that are needed for cell-cell interactions such as cell adhesion molecules, connexins, and gap junctions. 95, [162] [163] [164] [165] Gap junctions have been previously implicated in MPC differentiation. 164, [166] [167] [168] [169] C2C12 myoblasts were shown to increase expression of both myogenin and cx43 when exposed to extremely low-frequency electromagnetic fields. 170 In addition, blocking gap junctions have shown to inhibit myogenin expression. 171 In our cell culture system, MPCs begin to fuse when cultures reach confluency, suggesting that cell-cell contact has an important role in the fusion process. Considering that MPCs are located directly on myofibers in vivo, differences in cytoplasmic voltage gradients between myotubes and MPCs could potentially mobilize signaling molecules through gap junction proteins. It is also possible that the Vmem changes can alter cell orientation that would promote the fusion process. Future efforts will need to consider the role of biophysical interactions in MPC fusion, and these findings will shed further light on the relevance of bioelectric signaling.
Opportunities for Regenerative Medicine and Tissue Engineering
Emerging evidence increasingly advocates the notion that modulation of bioelectric properties such as cellular Vmem can be utilized to guide cells toward desired behaviors for therapeutic purposes in vitro (tissue engineering) and in vivo (regenerative medicine). 17 Instructional bioelectric cues encoded in steady-state Vmem changes at the plasma membrane are only one component of the morphogenetic field: a system of physiological, mechanical, and genetic properties of cells and tissues that is proposed to store all the information to ultimately orchestrate anatomical development during morphogenesis and maintains large scale patterning during morphostasis. 44 Bioelectric signals have demonstrated to be functional determinants of cell behavior through control of cell cycle phase FIG. 1. Differentiation of skeletal muscle stem cells and the physiological state space hypothesis: The physiological state space hypothesis proposes that cells can be characterized by their physiological properties and visualized along axes corresponding to these parameters. Vmem and intracellular potassium are depicted above, but other orthogonal axes can include intracellular pH, sodium, or chloride content (solid black lines). This paradigm can be used to visualize the timeline for MPC differentiation (dotted black lines) including the key events involved. The expression profile at different stages of this progression is depicted to the right (green, orange, and red boxes). MPC, myogenic progenitor cell. 38 FENNELLY AND SOKER progression and differentiation. 1, 4, 6 One attractive feature of bioelectric signaling is its ability to act as a master regulator on a large scale that triggers regeneration of complex structures in vivo from simple binary input signals (hyperpolarization or depolarization). 6, 17 For example, Vmem changes can rejuvenate tail regeneration in Xenopus and have also been shown to program (and reprogram) head-tail regeneration in the blastema of planaria flatworms. 10, 172 Moreover, the diverse and universal expression of ion channels makes them favorable candidates for biomedical intervention. Regenerative medicine aims to harness the endogenous repair mechanism already embedded within the body and decoding this communication system will unleash opportunities for major advancements in biomedicine. 173 This challenging task will require the mapping of both spatial and temporal aspects of regulated ion fluxes and their resulting outcomes on individual cell behaviors and tissue regeneration. 173 This growing body of literature has included development of the physiological state space hypothesis. 6, 9, 67 It has been suggested that cell types cluster in specific states along orthogonal axes corresponding to physiological parameters such as Vmem, intracellular sodium content, potassium content, chloride content, and internal pH. Modulation of these parameters would drive cells into different regions of this space and alter cell status such as proliferative versus quiescent or differentiated versus progenitor cell. Just as pH changes activate degradative proteins in the lysosome, there exist mechanisms that respond to physiological changes in the intracellular environment. 11 For example, a sodium current has been recognized as playing an essential role in Xenopus tail regeneration and this leads to downstream activity of a salt-inducible kinase. 174 This paradigm can be applied specifically to MPCs given the instrumental role Vmem plays in differentiation (Fig. 1) . The physiological state space concept could additionally be extended to serve as a potentially effective strategy for demarcating cells that have certain properties that correspond to progenitor or proliferative status.
Although there are not many investigations into this topic, the works covered in this review demonstrate that MPC fate can indeed be controlled through Vmem modulations in vitro (Table 1) . Vmem depolarization through pharmacological blockade of Kir2.1 or modulation of extracellular potassium levels in the culture medium was able to block calcineurin activation and expression of myogenic differentiation genes. 65, 136 This is consistent with more recent studies wherein sustained depolarization has proven to enact transient control over cell fusion and maintain expression of muscle stem cell marker Pax7. 57, 97 Moreover, exposure to increasing concentrations of extracellular potassium regulated MPC proliferation and cell cycle phase progression in a biphasic and dose-dependent manner. 97 An exciting aspect of these findings is that they demonstrate Vmem is a singular and targetable parameter that can be modulated to regulate MPC growth and differentiation in vitro through simple manipulation of culture medium. The dose-dependent aspect hints at an ability to fine tune cellular responses to artificial perturbations of Vmem. The biphasic influence on growth suggests a voltage range specific for cellular status. A voltage window that initiates Ca 2+ signaling required to advance MPC differentiation has already been identified and it is possible there could be similar mechanisms that are involved in cell cycle progression. 134 Other similar investigations have revealed the ability for Vmem to act as a control switch for differentiation and regulate cell growth in different cell types. 1, 4, 73, 102, 105, 124, 125, [175] [176] [177] [178] Cell therapy requires a large number of functional cells and in vitro expansion is currently the most convenient way. [179] [180] [181] This means that the expanded cells would need to maintain their myogenic properties (ability to engraft within the host, uptake the satellite cell niche, and fuse with endogenous MPCs), while avoiding differentiation in culture. Our prior efforts have shown that an in vitro cell culture system involving myogenic culture medium replete with growth factors and extracellular matrix substratum can promote long-term MPC expansion and retain self-renewal and in vivo engraftment capabilities. 179 Enhancing tissue culture medium with small molecules or cytokines to alter cell phenotypes has also shown to be successful. 182, 183 Satellite cells have been shown to hold a large degree of heterogeneity in terms of gene expression, 64 and cell therapy efforts have faced challenges identifying cell populations that are most likely to integrate into the stem cell niche and aid in tissue regeneration. 57, 62, 184, 185 Characterizing MPCs in terms of their physiological parameters, and coupling this with the molecular signatures such as cell surface markers, could lead to the identification of new populations that will perform better during cell therapy. Pharmaceuticals targeting endogenous transporters already approved for use in humans and ectopic expression of well-characterized transporters with gene therapy could be used to influence cell behavior and augment the regenerative process in defective or diseased tissues. 186, 187 Furthermore, perturbation of physiological states pharmacologically or genetically, in conjunction with strategies that have been previously deployed such as coinjecting cells with signaling modulators or growth factors, may lead to more successful outcomes. 188, 189 
Conclusion
The genetic signatures and molecular machinery involved in MPC proliferation and differentiation have been extensively characterized. However, the resting membrane potential (Vmem) has proven to be an instructional parameter that regulates MPC proliferation and differentiation in vitro. Artificial modulations of cellular Vmem have demonstrated an ability to exert control over MPC growth and fusion as well as expression of stem cell marker Pax7 and differentiation genes myogenin and mef2. These findings illustrate that bioelectric signals are important elements influencing MPC behavior and can be used as a tool to dictate cell fate for tissue engineering in vitro and potentially in vivo. Future advancements will unlock the true potential of biophysical signaling and open up new opportunities in regenerative biomedicine.
Glossary
Bioelectricity: long-term and steady-state ion flows that establish electric fields and voltage gradients across the cell membrane within living systems that serve as instructional cues in addition to their basic housekeeping functions. 17, 67 Bioelectric signal: A signal that is encoded in the charge gradient across the cell membrane (Vmem) and not defined by the movement of specific ions or activity of specific channels or pumps. The activity of different ion channels or the movement of different ion species can MPC BIOELECTRICITY 39 generate the same bioelectric signals as long as the resulting Vmem achieved is the same (potassium efflux from inside the cell to outside the cell and chloride influx from outside the cell to the intracellular space both make the cell more negative/hyperpolarized). 11 Bioelectric state/physiological state: Cellular status that is defined by physiological parameters such as the content of specific ion species within the cell or Vmem. 6, 9, 67 Characterizing cells through this lens will allow for certain cell types to cluster in the same regions along orthogonal axes and can be used to define cells in terms of these properties. EAG: Ether-à-go-go K + current. A noninactivating delayed rectifier K + current. Ion translocator: Channel, pump, or gap junction protein that allows charged molecules to move passively across the cell membrane or use energy to actively transport ions against the concentration gradient. Kir 2.1: Inward rectifying potassium channel. Ion channel gene KCNJ2. Mef2: Myocyte enhancer factor 2. Myogenic differentiation marker. Morphogenesis/morphostasis: During embryonic development, a living organism establishes its anatomy (morphogenesis), and throughout its adult lifespan, the organism maintains its shape (morphostasis) against normal wear and tear (cell turnover and/or aging) or damage (regeneration). 44 MPC: Myogenic/muscle progenitor cell. Also referred to as satellite cell or skeletal muscle stem cell. MyoD: Myogenic differentiation 1. Mid differentiation myogenic marker. Pax7: Paired box gene 7. A transcription factor that is a marker for satellite/skeletal muscle stem cells (MPCs). [190] [191] [192] [193] Vmem: The cellular resting membrane potential as defined by the charge gradient across the lipid bilayer membrane that is measured in millivolts and results from the ion concentrations inside and outside of cells. 
